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ABSTRACT 
DNA sequences at mitochondrial gene CO/ were surveyed in 29 house fly 
samples from North and South America, Europe, Asia, Africa, and the Western 
Pacific. Fifty-two haplotypes were detected, of which one was ubiquitous, and 35 
(67%) were confined to a single zoogeographical region. Nei's gene diversity index 
(Hs) was 0.4 7 and was greater in Old World regions than in New World regions. 
Haplotype diversity was the greatest in the Palearctic region. The Nearctic region 
displayed the least haplotypic diversity. Hierarchical partitioning of the total diversity 
among regions (Nei's GRr = 0.36) indicated only a small proportion was shared. The 
differentiation of populations within regions ( GPR) was 0.30. All pairwise estimates of 
gene flow between zoogeographical regions were less than 0.69 reproducing 
females per generation (mean 0.49). Nested clade analysis inferred the isolation by 
distance model for 55% of the significant associations found between geographic 
and genetic distance, contiguous range expansion was inferred for 36%, and NGA 
could not discriminate between isolation by distance and range expansion for the 
remaining 9% of the associations between geographic and genetic distance. I 
conclude that housefly populations are highly structured even though the flies are 
mobile and easily capable of passive transport by ship and air, and that the New 
World was colonized by house flies from the Old World. 
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GENERAL INTRODUCTION 
Thesis Organization 
This thesis presents a study of the phylogeography of the house fly, M. 
domestica Linnaeus (Diptera: Muscidae ), based on mitochondrial DNA sequence 
analysis. Review of literature and objectives are provided in the general introduction. 
Conclusions, references, and appendices are provided at the end of the thesis. 
Literature Review 
House fly biology 
House flies, Musca domestica L., are ubiquitous and cosmopolitan. In the 
United States of America, house fly invasions of urban districts are a common and 
significant problem (Thomas and Skoda 1993). House flies feed in all kinds of 
fermenting organic matter, including manure. House flies constitute a clear danger to 
animal health and are problematic in poultry houses, piggeries, stables, dry lots, and 
feedlots. 
House flies are highly effective carriers of organisms that cause various kinds 
of food poisoning and enteric gastritis in humans, such as Escherichia, Shigella and 
Salmonella. Recent work shows the importance of M. domestica in epidemiology of 
diarrhea and trachoma (Emerson et al. 1999). House flies have recently been 
demonstrated to carry Helicobacter pylori in samples from the United States of 
America, Poland, and Egypt (Grubel et al. 1998). 
The northernmost localities of Nearctic house flies include northern Canada 
and Greenland. Neotropical populations range to Chile and southern Argentina. In 
the Old World, populations range from Iceland, Spitzbergen, and Novaya Zemlya in 
the North, to South Africa, Tasmania, and New Zealand in the South (Huckett 1965; 
Skidmore 1985). 
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House flies are thought to have become "domesticated" in the southern 
Palearctic region (Pont 1991, Skidmore 1985) and dispersed with mankind. 
Colonization of the New World, however, may have occurred in historical times. 
In temperate regions house flies do not diapause but overwinter in closed 
livestock facilities where they breed slowly and experience abrupt and biologically 
substantial reductions in population size (Krafsur 1985). These bottlenecks cause 
large fluctuations of gene frequencies because of the genetic drift that accrues over 
the November through April interval in which breeding rates, generation times and 
population sizes are greatly reduced (Black and Krafsur 1986a, 1986b ). A temporal 
survey of gene frequencies of central Iowa house fly populations showed stable 
gene frequencies in the overall population, with significant drift in single locations. In 
spring, allele frequencies were heterogeneous among sampling locations but this 
differentiation diminished rapidly in June (Black and Krafsur 1986a). 
House flies reproduce year around in the tropics, but weather patterns, 
breeding substrates, and insecticide usage vary greatly, and may set different 
selection patterns conducive to local adaptation. Environmental differences among 
geographically distant house fly populations may also cause genetic differentiation, if 
gene flow is neutralized by the divergent forces of drift, selection, and mutation 
(Futuyma 1998). 
Taxonomy and phylogeny 
House flies are insects of the order Diptera. The Diptera are the true flies and 
include many familiar insects such as mosquitoes, black flies, midges, fruit flies, and 
blow flies. Many species are particularly important as vectors of disease causing 
organisms in man, other animals, and plants. 
It had been claimed that fossil representatives of Permian Diptera had been 
found (Tillyard 1929, 1937; Riek 1977; Willmann 1989). However, all these 
specimens were eventually shown to be scorpionflies (Mecoptera). Despite the lack 
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of direct evidence, it is still generally accepted that the order arose sometime in the 
Permian {Tillyard 1929; Rohdendorf 1949; Hennig 1981 ). From available data it is 
evident that the evolution of the Diptera commenced no later than the turn of the 
Permian to the Triassic, ca. 245 Mya. 
Diptera have diversified into one of the largest groups of organisms. 
Scientists have formally described approximately 120,000 species of flies 
(approximately ten percent of all animals described). An equal number of species 
may await description. 
Muscidae are worldwide in distribution and contain almost 4,000 described 
species in over 100 genera. Seven species in 6 genera have been recorded from the 
fossil record. The only known amber muscid is an undetermined specimen recorded 
from the Oligocene/Miocene in the Dominican Republic by Poinar (1992). An 
unnamed specimen of either the subfamily Mydaeinae or Phaoniinae from the 
Pliocene/Pleistocene deposits of Togo, Japan was described and illustrated by 
Fujiyama and lwao (1975). Further undetermined material of this family was 
recorded by Seguy (1937) from the Miocene of Austria and from the Miocene 
deposits of Radobaj, Croatia and Gabbro, Italy by Handlirsch (1907). Undetermined 
copal material was recorded by Handlirsch (1907) from the Holocene of Benin. 
Lambrecht (1980) suggested that the family Muscidae originated as long ago as the 
Permian. 
Morphological diversity among house flies has led to the assignation of 
intraspecific taxonomic status to different forms. Three subspecies once were 
recognized: M.d. domestica Paterson, M.d. cal/eva Walker and M.d. curviforceps 
Sacca and Rivosechi. M.d. calleva and M.d. curviforceps are endemic to the 
Ethiopian/Afrotropical region (Sacca 1967). Sacca (1967) recognized three forms, 
calleva, vicina, and nebula, as constituents of a geographic cline of M. domestica 
sensu stricto, based on the ratio of frons to head width of males and on the 
abdominal coloration. Paterson (197 4) and Hulley (1978, 1979) found that 
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morphological diversity greatly overlapped among Sacca's forms, invalidating the 
criteria upon which they were established. Consequently, Paterson proposed the 
subspecific taxon M. d. domestica for all house flies outside the 
Ethiopian/Afrotropical region. At the time of Sacca and Paterson's work there were 
no selectively neutral genetic markers available to objectively address the question 
of how much genetic differentiation occurs among geographically diverse house fly 
populations. Nowadays, we can investigate genetic differentiation among house fly 
populations by analyzing the spatial distribution of mitochondrial DNA haplotypes. 
House fly population genetics 
Survey of allozyme loci among of North American house flies indicated 
unrestricted gene flow among Iowa and Minnesota populations (Krafsur et al. 1992). 
A survey of gene diversity in British, African, and North American house fly 
populations at 17 allozyme and two mitochondrial loci (Krafsur et al. 2000) indicated 
that differentiation between African and temperate populations was considerable 
(FsT = 0.65), but there was no detectable differentiation between British and North 
American flies. 
An examination of mitochondrial diversity in house flies in six zoogeographical 
subregions in the New World using the single-strand conformational polymorphism 
method revealed that the number of haplotypes and the haplotype diversities were 
homogeneous among subregions, but a strong spatial component was found in the 
distribution of particular haplotypes. Gxv indicates the probability that two randomly 
chosen flies have different haplotypes at hierarchy x and y. The differentiation index 
among subregions (GRT) was 0.53 and that among populations within subregions 
(GPR) was 0.31. Greater genetic differentiation was found among populations in the 
Nearctic than in the Neotropics. Haplotype frequency distributions in two of three 
Nearctic subregions deviated from that expected under the neutral infinite allele 
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model, suggesting the existence of differential selection patterns (Marquez and 
Krafsur 2003). 
A survey of single-strand conformation polymorphisms at 16S2 and CO// 
mitochondrial genes in 111 house fly population samples from North, Central, and 
South America, Europe, Asia, Africa, and the Western Pacific detected forty-eight 
haplotypes, of which none was ubiquitous, and 21 (44%) were confined to a single 
zoogeographical region. Nei's gene diversity index (Hs) was 0.27 and was 
heterogeneous among zoogeographical regions. Haplotypes were the most diverse 
in the Afrotropical region and the least diverse in the Palearctic and Nearctic regions. 
Hierarchical partitioning of the total diversity among regions (GRr = 0.49) indicated 
only a small proportion of the diversity was shared. The differentiation of populations 
within regions ( GsR) was 0.32. All pairwise estimates of gene flow between 
zoogeographical regions were less than 0.31 reproducing females per generation 
and the mean was only 0.19 (Marquez and Krafsur 2002). This led to the conclusion 
that house fly populations are highly structured even though the flies are mobile and 
demonstrably capable of passive transport by ship and air. 
The foregoing studies indicate abundant genetic variation in house flies. The 
variation indicated that house fly populations are highly structured and allow for the 
calculation of estimates of gene flow over a hierarchy of geographical scales. 
However, these studies left some questions of population structure unanswered and 
raised new questions about the evolutionary history of house fly populations. 
Objectives 
The objective of my thesis research was to use estimates of genetic distances 
and a rooted haplotype tree derived from CO/ mtDNA sequences in conjunction with 
geographic information to determine the origin(s) of New World house fly 
populations. 
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POPULATION GENETICS AND EVOLUTIONARY HISTORY 
Introduction 
Genetic differentiation among geographic M. domestica populations can be 
investigated by analyzing the spatial distribution of mitochondrial DNA (mtDNA) 
variation. The mitochondrial genome can be used to study microevolutionary 
processes, because mtDNA markers are highly variable, maternally inherited, lack 
recombination, seem to be selectively neutral (Avise 1994), and evolve more quickly 
than nuclear genes (Brown et al. 1979). The mitochondrial genome (mtDNA) in 
house flies is a 16-kb circular DNA molecule encompassing genes for proteins, 
transfer RNAs, and ribosomal RNAs (Roehrdanz 1993). 
I have grouped the house fly samples by Wallace's zoogeographical regions 
(Figure 1 ). The names of two of the regions have changed recently. The Oriental 
region is now the Inda-Malayan, and Ethiopian region is now the Afrotropical. These 
regions seemed to be suitable groupings established from previous research 
(Marquez and Krafsur 2002). I report here the results of work on the spatial variation 
in haplotype frequencies in house flies sampled from 29 populations spanning five 
zoogeographical regions. I tested the hypotheses that mitochondrial diversity among 
regions is equal and that genetic distances between fly populations among regions 
are homogeneous. I investigated the level of gene flow between zoogeographical 
regions and I tested the hypothesis of haplotypic neutrality and equilibrium between 
mutation and drift. I also conducted a nested clade analysis of the data. 
Materials and Methods 
Biological materials 
House fly collections were made by collaborators (Table 1 ). I used 
approximately 10 individuals from each sampled population. 
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Table 1. Regions where house flies were sampled. 
0.0 
Population Samples Region Contributors 
Ivory Coast 1 Afrotropical N. Griffiths 
Kenya 1 Afrotropical S. Mihok 
S. Africa 1 Afrotropical M. Coetzee, R. Hunt 
Zimbabwe 1 Afrotropical P. Matteson, M. Rice 
Senegal 1 Afrotropical N. Griffith 
Thailand 2 Inda-Malayan G. Courtney 
W. Java 2 Inda-Malayan M. Bangs 
Okinawa 1 Inda-Malayan A. Rosales 
India 1 I ndo-Malayan Shan Madasamy 
China, Beijing 1 Inda-Malayan J. Coats 
S. Korea 1 I ndo-Malayan Y. Kim 
California 1 Nearctic N. Hinkle 
South Dakota 1 Nearctic M. Endsley 
Iowa 1 Nearctic J. G. Marquez 
Maryland 1 Nearctic D. O'Brochta 
Pennsylvania 1 Nearctic C. Pitts 
Florida 1 Nearctic J. Hogsette 
Chile 1 Neotropical K. Fisher, J. Hogsette 
Uruguay 3 Neotropical R. D. Moon 
Honduras 1 Neotropical L. Weiser 
Kazakhstan 1 Palearctic R. D. Moon 
Austria 1 Palearctic E. S. Krafsur 
Egypt, Cairo 1 Palearctic H. Farid, B. Christiansen 
Israel 1 Palearctic R. Ackerman, J. Wendell 
Russia 1 Palearctic R. D. Moon 
Data were partitioned according to Wallace's zoogeographical regions with 
the exception of assigning Korean, Okinawan, and Chinese flies to the Inda-Malayan 
region (Figure 1 ). Five populations were sampled in the Palearctic, Afrotropical, and 
Neotropical regions, six populations were sampled in the Nearctic region, and eight 
populations were sampled in the Inda-Malayan region, including three island 
populations. 
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Figure 1 . Zoogeographical regions of populations sampled and approximate locations of 29 study 
populations. Lines separate zoogeographical regions. Dots indicate study populations. The lndo-
Malayan region has been extended to include northeastern China, Korea, and Japan. 
Molecular methods 
DNA extraction 
Total DNA was extracted by using the CTAB (hexadecyl-trimethylammonium 
bromide) method (Shahjahan et al. 1995). Alcohol preserved specimens were 
rehydrated in high salt TE (40mM Tris-HCI, 10 mM EDTA) buffer for 12 hours before 
DNA extraction. Each specimen was ground in 560 µL of extraction buffer made of 
250 µL TE (40 mM Tris-HCI pH 8.0, 10 mM EDTA), 25 µL of Pronase 20 mg/ml, 275 
µL of CTAB buffer [200 mM Tris pH 8.0, 20 mM EDTA, 2.8 M NaCl, %4 CTAB], and 
10 µL of Tween-20. The homogenate was incubated at 37°C for 24 hours. The 
protein and lipid contents were removed from the aqueous phase by treatment with 
560 µL of equilibrated phenol:chloroform:isoamyl alcohol (25:24: 1) followed by 
centrifugation. The DNA was then precipitated by addition of 300 mM sodium 
acetate pH 5.2, an equal volume of cold isopropanol, incubation at -80°C for thirty 
minutes, and centrifugation. Then, the DNA pellets were washed twice with cold 
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75% ethanol, vacuum dried, and resuspended in 100 µL of sterile, double-distilled 
H20 and kept at -20°C. 
Oligonucleotide primers 
The oligonucleotide primers UEA-3 (sense strand, position of 3' base= 294, 
length 24 bp, sequence TATAGCATTCCCACGAATAAATAA; Lunt et al. 1996) and 
C1-N2329 (antisense strand, position of 3' base= 860, length 23 bp, sequence 
ACT GT AAA TAT ATGATGAGCTCA; Simon et al. 1994) were used to amplify a 566 
bp fragment of the cytochrome oxidase I (CO/) gene. 
PCR profile 
DNA amplification was carried out in 20 µL reactions by using ABgene® 
1.1xPCR Master Mix. Polymerase chain reactions (PCRs) were performed in a PTC-
100 (MJ Research, Woburn, MA) thermocycler with a profile of 94°C/4min followed 
by 35 cycles of 94°C/40sec, 48°C/60sec, and 72°C/60sec. 
PCR product quantification 
PCR product concentrations in 1 % agarose gels were estimated by 
measuring the fluorescence of amplified bands under UV and comparing with a 
known amount of DNA from 500bp band of Promega 1 OObp DNA ladder. 
DNA sequencing 
DNA sequencing was done by using an ABI Model 377 Prism DNA 
Sequencer at the Iowa State University DNA Sequencing and Synthesis Facility. 
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Computational and analytical methods 
Sequence alignment and variability 
mtDNA sequences were aligned using ClustalX (Thompson et al. 1997). 
Variable sites and haplotypes were detected by using MEGA v2.0 (Kumar et al. 
2001 ). Arlequin v2.0 (Schneider et al. 2000) was used to calculate a minimum 
spanning tree and minimum spanning network. SmartDraw v6.08 (SmartDraw.com 
2002) was used to draw MS trees and networks and the world map divided into 
zoogeographical regions. 
Estimates of genetic diversity and differentiation 
SAS ver 6.12 (SAS Institute 1996) was used for statistical analyses. Diversity 
was analyzed by using the methods of Nei (1987) and Weir (1996). Nei's (1987) 
method estimates population diversity as he= [n/(n - 1 )](1 - Ep;2), where Pi is the 
frequency of the ith haplotype, and nl(n - 1) corrects for sampling bias. The variance 
of he was estimated by using Nei's (1987) formula adjusted for haploid systems: Var 
(he)= (Zt(n(n-1 ))*(2*(n-2)*(I)::p/ -(''f."i.p/)2)+ l,L.p/ -(l,L.p/)2. The mean diversity 
over s populations was estimated as Hs = "i.hels. Hs is the probability that two flies 
from the same population have different haplotypes. 
The shared-identity index was estimated as J1J = LPikPjk. where Pik refers to 
the frequency of haplotype k in the population i. 
The total gene diversity is HT= Hs + DsR + DRT. the sum of the diversity within 
populations (Hs), between populations within regions (DsR), and between regions 
(DRT). The magnitude of genetic differentiation among regions is GRT = DRTHT, and 
that of populations within regions is GsT = DsRHT. The average number of 
reproducing migrants per generation (Nm) under the infinite allele model is Nm= (1 -
GsT)/2GsT (Takahata and Palumbi 1985). 
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Population history and structure 
I used Templeton's nested clade analysis (NCA) (Templeton et al. 1995; 
Templeton 1998; Avise 2000), which comprises several sequential procedures to 
test hypotheses about population history and structure. NCA is an objective 
statistical approach that first tests the null hypothesis of no association between 
haplotype variation and geography, and then interprets any significant patterns using 
explicit criteria that include an assessment of sampling adequacy. This analysis uses 
the temporal information contained in the haplotype tree to segregate historical 
events (fragmentation, range expansion) from current processes (gene flow, drift, 
system of mating) responsible for the observed pattern of genetic variation. This 
procedure enables NCA to predict the occurrence of past evolutionary episodes in 
space and time. 
Haplotype network estimation 
Templeton et al. (1992) developed a statistical parsimony approach to 
construction of haplotype trees at the intraspecific level, based on the most 
parsimonious connection of pairs of haplotypes. By 'most parsimonious' is meant the 
haplotype tree requiring the fewest branches (mutational steps). The statistical 
power of the haplotype network estimation procedure of Templeton, Crandall, and 
Sing (1992) is achieved by incorporating the number of shared sites in calculating 
the probability of multiple mutations at nucleotide positions that differ between a 
given pair of operational taxonomic units. This estimation procedure has 
demonstrated statistical power when reconstructing gene trees and greatly 
outperforms bootstrapping with maximum parsimony when the number of nucleotide 
substitutions is small and the number of shared positions is large (Crandall 1994 ), as 
is the case with the CO/ sequence data. Haplotype network estimation was carried 
out using TCS software version 1.06 (Clement et al. 2000). 
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Solving haplotype network ambiguities 
In some cases ambiguities in a haplotype network (represented by loops, 
Appendix A2) have to be solved. For that purpose, and at least under the 
assumption of selective neutrality, we can apply several empirical predictions 
derived from coalescent theory (Crandall and Templeton 1993; Crandall et al. 1994; 
Posada and Crandall 2001 ). More frequent haplotypes are expected to be older than 
rarer haplotypes. The a priori probability that an allele occurring ni times in a sample 
of n is the oldest is n/n (Watterson 1976; Kelly 1977; Watterson and Guess 1977; 
Donnelly and Tavare 1996), and the expected rank of the alleles by their ages is 
equal to the rank of alleles by their frequencies (Donnelly and Tavare 1986). If high 
frequency haplotypes have been present in a population for a long time, they have 
had more chances of generating new haplotypes than did younger haplotypes. This 
implies not only that frequent haplotypes often occupy interior nodes in the network, 
whereas rare haplotypes are expected to occur at the tips of the network, but also 
that the more frequent (hence, older) haplotypes have a greater number of 
connections (Excoffier and Langaney 1989; Golding 1987). Also, it is expected that 
newly arisen haplotypes are more likely to remain in the original population than to 
move to a distant population, unless high levels of gene flow occur (Watterson 1985; 
Takahata 1988). Therefore, singletons (haplotypes with a frequency of one) are 
more likely to be connected to haplotypes from the same population than to 
haplotypes from different populations. 
These predictions from coalescent theory, validated in empirical data sets by 
Crandall and Templeton (1993), were summarized in three criteria that were used to 
decide among alternative solutions of the loops: (1) Frequency criterion: haplotypes 
are more likely to be connected to haplotypes with higher frequency than to lesser 
frequency haplotypes; (2) Topological criterion: haplotypes are more likely to be 
connected to interior haplotypes than to tip haplotypes; and (3) Geographical 
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criterion: haplotypes are more likely to be connected to haplotypes from the same 
population or region than to haplotypes occurring in distant populations. 
Rooting the haplotype tree 
A rooted tree has a node identified as the root from which all other nodes 
descend; hence a rooted tree has direction. This direction corresponds to 
evolutionary time; the closer a node is to the root of the tree, the older it is. In many 
cases, a problem of biological interest requires a root or at least some knowledge of 
the relative ages of haplotypes in an intraspecific tree; for example, rooting the 
human mitochondrial DNA tree in order to test hypotheses about the evolutionary 
origin of humans (Maddison et al. 1992; Templeton 1992, 1993; Vigilant et al. 1991 ), 
making assessments of species or subspecies status of populations (Templeton 
1994 ), discriminating between the effects of gene flow versus historical 
fragmentation or range expansions as causes of geographical associations of 
haplotypes (Templeton 1993 ), or testing the predictions of the relationship between 
gene flow and haplotype age (Neigel and Avise 1993). 
The most widely used method for rooting interspecific trees is the outgroup 
method. However, the outgroup method frequently fails for intraspecific trees due to 
the effects of ancestral polymorphism and lineage sorting (Ball et al. 1990; Harrison 
1991; Takahata 1989; Takahata and Nei 1990). These problems can be safely 
ignored only when the ingroup haplotypes are well differentiated from the outgroup 
haplotypes, coupled with much lower levels of differentiation among the haplotypes 
within both the ingroup and outgroup species (Castelloe and Templeton 1994). 
Unfortunately, when the differences between species are large with respect to the 
differences within, there is often a lack of statistical resolution of the root (Templeton 
1992, 1993). 
As an alternative, Castelloe and Templeton ( 1994) devised the root 
probability method. They applied Kingman's neutral coalescent theory (1982a, 
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1982b) to the problems of determining the root of an intraspecific gene tree and the 
relative ages of the haplotypes. By using Griffiths' equation (1989), exact root 
probabilities were calculated for small cladograms and sample sizes. The exact 
probabilities indicated that root probabilities are not very sensitive to the parameter 
e, which is four times the mutation rate times the inbreeding effective size. The exact 
probabilities also indicate that root probabilities are not very sensitive to the absolute 
numbers of each haplotype, only to their relative proportions. This exact method is 
not feasible for implementation with larger data sets with existing algorithms and 
computers. However, the exact results suggested a simple heuristic for determining 
outgroup weights; that is, finding the haplotype that is the oldest in the sample and 
that can serve as an outgroup for the remainder of the haplotype tree. Computer 
simulations (Castelloe and Templeton 1994) revealed that these outgroup weights 
are strongly correlated with actual age and are much better indicators of haplotype 
age than is the haplotype frequency, another commonly used indicator of relative 
age. These simulations showed that the heuristic for root probability correctly 
predicted the oldest haplotype 50% of the time, regardless of tree size, and the 
oldest haplotype was one of the haplotypes with the top four outgroup weights 86% 
of the time. 
I used the results of both the outgroup method and the root probability 
method to establish a root for my haplotype tree. Combining the results of both 
methods utilizes the strengths of both methods while lessening the concerns about 
the weakness when using a single method. To determine the root using the outgroup 
method, I used sequences from four specimens of a related species (Musca 
autumnalis DeGeer) as an outgroup. A Jukes-Cantor distance matrix calculated by 
MEGA v2.0 (Kumar et al. 2001) was used to determine the house fly haplotype(s) 
most closely related to M. autumna/is. To determine the root using the root 
probability method, I calculated the root probabilities using an Excel worksheet. I 
15 
then plotted the most probable roots from each method on an unrooted haplotype 
tree and used the pooled results to specify the root of the haplotype tree. 
Nested statistical design 
Standard nesting rules (Templeton et al. 1987; Templeton and Sing 1993) 
were used to convert the resulting cladogram into a nested design. Clades were 
formed and nested in accordance to the number of mutational changes between 
them, until the final level enclosed the entire cladogram. 
Nested geographical distance analysis 
A nested design and a matrix of geographical distances between sampled 
locations were used to test for geographical association. Clade distance (De) was 
calculated for each clade; De is the average distance between the location of the 
members of an n-step clade and its geographical center. The nested clade distance 
(Dn) was also calculated. Dn is the average distance between the location of the 
members of an n-step clade and the geographical center of its corresponding (n+1 )-
step 'nesting' clade (Templeton et al. 1998). The NCA method distinguishes 
between two topological classes of clades: tip Glades, with only one connection to 
the remaining cladogram, and interior clades with two or more connections to other 
clad es. 
Based on the foregoing definitions two other measures were calculated; the 
difference between the clade distance of the tips and interior Glades of a nesting 
clade (Del-De T), and the difference between nested clade distance of interior and tip 
clades (Dnl-Dn T). 
The hypothesis of spatial panmixia was tested in the following way: the 
observed distribution of clade distances was compared to a distribution generated by 
random permutation of clades against sampled locations (Roff and Bentzen 1989). 
One thousand random permutations were run to establish significance at the 5% 
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level. The rejection of the null hypothesis for a certain clade only indicates that there 
is a significant association between haplotype and geographic position. To infer the 
population structure and history at each level, Templeton et al. (1995) have built an 
inference key. I made use of the upgraded version (Templeton 1998) of the key for 
the nested haplotype tree analysis of geographical distances originally presented in 
the appendix of Templeton et al. (1995). The nested geographical distance analysis 
was carried out by using the GEDDIS version 2.0 computer package (Posada et al. 
2000). 
Deviations from methods listed 
I deviated from the nesting rules prescribed by Templeton and Sing (1993) 
because the nesting rules would have split into separate clades the two haplotypes 
that were nearly equally likely to be the oldest as determined from outgroup 
weighting. It is important to nest these two haplotypes together so the rooted 
network will have unambiguous directionality. For this reason I altered the nesting 
design to group the two (presumably) oldest haplotypes together in the clade with 
the higher combined outgroup weight. 
Sample characteristics 
Sequence information 
Results 
An alignment of 293 samples was created. Approximately 70 and 150 bp of 
the beginning and end of each sequence, respectively, were removed from the 
alignment to eliminate errors from the sequencing process. The final alignment of 
CO/ was 348 bp. This alignment contained no gaps and little missing data. A table of 
variable sites is given in Appendix A 1. The region aligned codes for 116 amino 
acids, corresponding to AA #120-235 of CO/ (Lunt et al. 1996). The nucleotide 
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composition of the entire alignment was 39.5% thymine (T}, 18.0% cytosine (C), 
26.7% adenine (A), and 15.8% guanine (G). 
Mitochondrial sequence variation 
Forty-one variable nucleotide sites were discovered in CO/ (Appendix A 1 ). 
Twenty sites were parsimony informative, occurring in more than one haplotype, and 
21 were singular. One site had three states but all others had only two. Thirty-eight 
sites contained transitions and four sites contained transversions. Thirty-eight sites 
contained synonymous mutations. All four of the non-synonymous sites were due to 
transitions at position one of the coding triplet. Three of the changes were between 
the apolar amino acids valine and isoleucine. The remaining change was from 
alanine (apolar) to threonine (polar). This mutation was observed in a single 
haplotype and was located in a highly variable external loop of CO/. Thus all 
variation observed was considered to be effectively neutral. 
Data analyses 
Estimates of diversity and differentiation 
Mitochondrial diversity at CO/ was examined in house fly populations. Fifty-
two haplotypes were detected among the 29 populations surveyed. Only one 
haplotype (2% of the total) was ubiquitous, eight haplotypes (15%) were private, 35 
(66%) were singular, and nine (17%) were shared. 
Table 2. Mitochondrial haplotypes and diversity in Wallace's regions. 
Region 
Afrotropical 
lndo-Malayan 
No. 
52 
72 
No. haplotypes Gene diversity 
-T-ot_a_I -Pr-iv-a-te--S~in-g~u~la-r--S-h-ar_e_d_ Hs +/-SE 
12 0 6 6 0.60 ± 0.08 
22 3 13 6 0.57 ± 0.05 
Palearctic 66 24 5 13 6 0.58 ± 0.06 
Nearctic 56 4 0 1 3 0.28 ± 0.05 
Neotropical 47 6 O 2 4 0.34 ± 0.08 
Total 293 52 8 35 9 0.47 ± 0.03 
8Kruskal-Wallis test of equality of number of haplotypes, x\ = 7.89, P = 0.10 
bKruskal-Wallis test of equality of regional diversity, x2s = 5.83, P = 0.21 
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The number of haplotypes and gene diversity were not found to differ 
significantly among regions (Table 2). A large number of private and singular 
haplotypes were observed in the Inda-Malayan and Palearctic regions suggesting a 
considerable degree of genetic isolation. 
Table 3. Mitochondrial haplotypes and diversity in the New and Old World. 
Region 
No. No. No. haplotypes 
Pop. Samples Total Private Singular Shared 
OLD WORLD 18 190 49 8 32 9 
NEW WORLD 11 103 7 0 3 4 
Total 29 293 52 8 35 9 
aKruskal-Wallis test of equality of number of haplotypes, x\ = 6.60, P = 0.010 
bKruskal-Wallis test of equality of regional diversity, x2s = 5.69, P = 0.017 
Gene diversity 
Hs +/-SE 
0.58 ± 0.05 
0.31±0.03 
0.47 ± 0.03 
Kruskal-Wallis tests revealed a significant difference in the amount gene 
diversity and number of haplotypes between house fly populations from the Old and 
New Worlds (Table 3). 
Table 4. Shared identity index in global house fly populations, J;i, within regions (diagonally in 
bold), between regions (below diagonal), and number of haplotypes shared between regions I 
total number of haplotypes between regions (above diagonal), in 29 house fly populations. 
Regions Afrotropical Inda-Malayan Nearctic Neotropical Palearctic 
Afrotropical 0.11 4/30 (0.13) 3/13 (0.23) 3/15 (0.20) 5/31 (0.16) 
Inda-Malayan 0.05 0.08 2/24 (0.08) 3/25 (0.12) 3/43 (0.07) 
Nearctic 0.11 0.09 0.36 3/07 (0.43) 2/26 (0.08) 
Neotropical 0.11 0.11 0.21 0.24 2/28 (0.07) 
Palearctic 0.04 0.03 0.09 0.06 0.05 
The shared identity index is the probability that two randomly chosen flies will 
have the same haplotype in a region (diagonal), or from two different regions (below 
diagonal). 
The shared identity index is greater within and between New World regions 
than it is within and between Old World regions (Table 4). Unfortunately, there are 
no degrees of freedom left to test whether this difference is significant, but Jii often 
has a low variance (Nei 1987). 
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Table 5. Hierarchical partition of mitochondrial diversity. Diversity 
within and between regions in 29 house fly populations. 
Index Estimate ± SE 
Diversity 
Within populations (Hs) 
Between populations (OPR) 
Between regions (ORr) 
Total (Hr) 
Differentiation 
Between populations within regions (GPR) 
Between regions (GRr) 
0.47 ± 0.03 
0.41 ± 0.00 
0.49 ± 0.00 
1.37 ± 0.02 
0.30 ± 0.01 
0.36 ± 0.15 
The hierarchical partition of the total diversity (Table 5) indicated substantial 
differentiation at all levels (GsT~ 0.30, GsT= (HT- Hs)IHT)), and highly structured 
populations. The coefficient of differentiation among regions (GRT) was 0.36, and 
that among populations within regions (GPR) was 0.30. The first coefficient is the 
probability that two randomly chosen flies, one from each of any two regions, have 
different haplotypes. GPR is the probability that two randomly chosen flies from any 
two populations within a region have different haplotypes. 
Table 6. Pairwise differentiation and gene flow. Pairwise differentiation between regions (GRr, 
above diagonal), between populations within regions (GpR, diagonal in bold), and gene flow 
between regions (Nm, below diagonal) in 29 house fly populations. 
Afrotropical 
In do-Malayan 
Nearctic 
Neotropical 
Palearctic 
Afrotropical lndo-Malayan Nearctic Neotropical 
0.38 0.43 0.53 0.51 
0.66 0.43 0.55 0.52 
0.44 
0.49 
0.69 
0.40 
0.45 
0.64 
0.58 
0.30 
0.42 
0.62 
0.58 
0.44 
Palearctic 
0.42 
0.44 
0.54 
0.53 
0.41 
Table 7. Ewens-Watterson neutrality tests of mitochondrial haplotypes in M. domestica. 
Afrotropical lndo-Malayan Nearctic 
Sample size 52 72 56 
No. haplotypes 12 22 4 
Observed P 0.23 0.27 0.55 
Expected F 0.18 0.10 0.53 
P valueb 0.82 1.00 0.62 
Neotropical 
47 
6 
0.32 
0.37 
0.42 
Palearctic 
66 
24 
0.17 
0.08 
1.00 
a F = 'Lpi , where Pi is the frequency of the ith haplotype. 
b Probability of an F value as great or greater in a population of equal size and number of alleles 
under the infinite allele model. 
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Pairwise differentiation between regions was similar across all comparisons 
(Table 6). The Ewens-Watterson neutrality tests (Table 7) did not lead to rejection of 
the null hypothesis of haplotypic neutrality and equilibrium between mutation and 
drift. 
Minimum spanning tree 
Arlequin (Schneider et al. 2000) and TCS softwares (Clement et al. 2000) 
were used to calculate a minimum-spanning (MS) network of the 52 haplotypes 
found in CO/ (Appendix A 1 ). The minimum-spanning network depicts all possible 
connections between haplotypes. I applied several empirical predictions derived 
from coalescent theory to solve ambiguities (represented by loops) in the MS 
network resulting in a MS tree (Fig. 1.28). Palearctic, Inda-Malayan, Afrotropical, 
Neotropical, and Nearctic haplotypes are indicated in green, red, yellow, blue, and 
purple respectively. 
Individual trees for haplotypes found in the Palearctic (Fig. 1.2C), lndo-
Malayan (Fig. 1.20), Afrotropical (Fig. 1.2E), Neotropical (Fig. 1.2F), and Nearctic 
(Fig. 1.2G) are also shown. Haplotype (A) was the most frequent and ubiquitous 
among regions. The Palearctic and Inda-Malayan regions contain the greatest 
number of haplotypes, 24 and 22 respectively. The Afrotropical region contains 12 
haplotypes and the Neotropical and Nearctic regions contain six and four haplotypes 
respectively. The Palearctic region contains the most central haplotypes in the tree. 
The Afrotropical and Inda-Malayan regions contain haplotypes in the most distant 
branches of the tree. The regions that comprise the New World (Nearctic and 
Neotropical regions) consist of a small number of haplotypes in the central regions of 
the tree. For a complete list of haplotypes in regions and populations see Appendix 
A4. 
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Figure 2. Minimum-spanning trees of M. domestica CO/ haplotypes. Worldwide minimum-spanning 
tree for 52 M. domestica mtDNA haplotypes (B). Palearctic, Inda-Malayan, Afrotropical, Neotropical, 
and Nearctic haplotypes are indicated in green, red, yellow, blue, and purple, respectively. Individual 
trees for haplotypes found in Palearctic (C), Inda-Malayan (D), Afrotropical (E), Neotropical (F), and 
Nearctic (G). Lines represent one mutational step and black dots are hypothetical missing 
intermediates. Circle size is proportional to haplotype frequency as shown in the legend. Haplotype 
(A) is the most frequent and ubiquitous among regions. 
Nested Clade Analysis 
Outgroup weights 
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The eight haplotypes with the highest outgroup weights were haplotype A and 
all the haplotypes one nucleotide different from haplotype A (Table 8). The oldest 
haplotype has an 85% chance of being within the four greatest outgroup weights and 
the probability increases the number of haplotypes included increases (Castelloe 
and Templeton, 1994 ). Since haplotype A was at the center of this group, haplotype 
A was most likely to be the oldest and was used to root the haplotype tree. 
Table 8. Outgroup weights from root probabilities. Outgroup weights for each haplotype using the 
heuristic developed by Castelloe and Templeton (1994). The haplotype with the greatest outgroup 
weight has a 50% probability of being the oldest. When the four greatest weights are included, the 
probability increases to greater than 85%. I Outgroup 
Haplotype Weight 
I Outgroup 
Haplotype Weight 
B 0.1154 h 0.0038 
A 0.1147 u 0.0038 
1 0.0797 v 0.0038 
p 0.0790 f 0.0031 
0 0.0787 K 0.0028 
u 0.0787 w 0.0024 
e 0.0787 n 0.0024 
s 0.0787 I 0.0021 
E 0.0668 N 0.0014 
L 0.0381 k 0.0014 
c 0.0343 J 0.0010 
v 0.0196 T 0.0010 
D 0.0126 a 0.0010 
y 0.0119 c 0.0010 
H 0.0105 0 0.0010 
i 0.0077 m 0.0007 
x 0.0077 F 0.0003 
G 0.0070 Q 0.0003 
p 0.0066 R 0.0003 
r 0.0066 s 0.0003 
w 0.0059 z 0.0003 
b 0.0052 d 0.0003 
y 0.0052 j 0.0003 
g 0.0049 q 0.0003 
M 0.0045 t 0.0003 
x 0.0042 z 0.0003 
Key 
e -Haplotypes w/ shortest 
distance to outgroup 
e -Most likely root from 
root probability 
45 - Forty-five evolutionary 
steps 
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Figure 3. Rooting the haplotype tree for mitochondrial CO/ haplotypes in M. domestica . Each black 
line represents a single mutation and each red line represents 45 mutations. Small black circles 
indicate inferred intermediate haplotypes in the network not found in the samples. 
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Outgroup rooting 
Outgroup rooting the haplotype tree produced three haplotypes with the 
minimal distance of 45 mutational steps from the outgroup (Figure 3). The effects of 
ancestral polymorphism and lineage sorting are safely ignored because the 
differences between species are large with respect to the differences within. 
However, because of these differences statistical power is lessened and, 
consequently, resolution of the root is lessened. 
Each of the three outgroup roots is only one mutational step from the most 
likely root determined by root probability. This supports the designation of haplotype 
A as the root of the haplotype tree. 
Nesting design 
The nested design of the cladogram is shown in Figure 4 and Figure 5. 
Nested clade analysis 
The results of the NCA as calculated by GEODIS version 2.0 (Posada et al. 
2000) are listed in Figure 4. Significant geographical associations were discovered 
at all levels of nesting. The clades in which associations between geographical 
distance and genetic distance were found and the biological inferences inferred 
using Templeton's (1995) key are shown in Figure 5 and listed in Table 9. The NCA 
inferred range expansions and restricted gene flow via isolation by distance as 
geographic explanations for the variation in the house fly data set. 
1-Ste Glades 
No. De 
x 0 6927L 
g 0 3998 
h 0 3998 
H 574s 4060 
u 0 2043 
l·T 4850L 776 
1-2-3-4-No: IBD 
p 0 
r 0 
Dn 
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2-Ste Glades 3-Ste Glades 
No. De Dn No. De Dn 
2-8 7737L 8039L 
2-7 3891s 6350 
1-T -3039s -2181s 
1-2-11-12-No: RE '-=@=:~"""··~."">'""'7""·~"" .. ·······""E""'tz""7~"'t""QL'"'r 
1D7'1sH:e~1i!l 3-2 3758s 4439s 
4-Ste Glades 
No. De Dn 
1-T 1469 1-T 3525L 2871 L 
6303L 5934L 1-2-3-4-No: IBD ~..,.4..,.-1-..,..65=2"'"7s-..,.64""'6,.,.1s., z 
0 
e O 
s 0 
1-T 5067L 
1-2-3-5-6: RE or IBD 
Q 
p 
m 
z 0 
0 
-4326s -3322s 
1--':.;..._----~-'--=---=---=="-'---i 1[~tP j(tJ1flirW.'1~~( 3-1 2066s 10970L 
2-1 2449L 2505L 
1-T -1292s -1121s 
a 1-25 0 3791 1-2-11-12-No: RE 
1-T 6462L -2476s 
1-2-3-5-6-13-14 
Between RE and LDC 
Figure 4. Results of the nested clade analysis. NCA: Hierarchical nested design, distance measures, 
and biological inferences. Values for De and Dn that are followed by an 's' or 'L' are significantly small 
or large respectively. The Interior haplotype for each grouping is shaded. Some groups contain no 
interior haplotypes. 1-T is average difference between interior and tip clades for both De and Dn. The 
biological inference drawn and the inference chain that generated it are listed in groups that contain 
significant measures of De. Dn. or 1-T (ex. 1-2-3-4-No: IBD). Codes for biological inferences are; RE -
range expansion, LDC - long distance colonization, and IBD - recurrent gene flow restricted by 
isolation by distance. Two of these symbols connected by 'and' indicate that the inference key could 
not distinguish between processes. 
Key 
Clad es 
1-Step Clades - Blue outline 
2-Step Clades - Green outline 
3-Step Clades - Red outline 
4-Step Clades - Black outline 
Biological inferences 
0 -between haplotypes 
~ between one-step clades 
- between two-step clades 
- between three-step clades 
•- between four-step clades 
1 - Range expansion 
2 - Restricted gene flow with 
isoloation by distance 
3 - Between range expansion 
and long-distance 
colonization 
4 - Range expansion or 
restricted gene flow. 
26 
Figure 5. Nesting of the haplotype tree with biological inferences. The haplotype tree for mitochondrial 
haplotypes in M. domestica. Each line represents a single mutation . Small black circles indicate 
inferred intermediate haplotypes in the network not found in the samples. Haplotype and clade 
groupings are indicated by different colors. Biological inferences drawn from the NCA are shown as 
circles, categorized by number and colored by nesting level. 
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Table 9. Significant inferences from the NCA. Clades for which the null hypothesis was rejected and 
corresponding inferences. 
Clade 
Haplotypes nested in 1-12 
Haplotypes nested in 1-11 
Haplotypes nested in 1-15 
One-step clades nested in 2-8 
One-step clades nested in 2-4 
One-step clades nested in 2-6 
Two-step clades nested in 3-2 
Two-step clades nested in 3-1 
Three-step clades nested in 4-1 
Three-step clades nested in 4-2 
Four-step clades nested in the 
entire cladogram 
Chain of Inference 
1-2-3-4 NO 
1-2-11-12 NO 
Inference 
Restricted gene flow via isolation by distance 
Contiguous range expansion 
1-2-3-5-6 too few Insufficient genetic resolution to discriminate between 
range expansion and restricted gene flow 
1-2-3-4 NO Restricted gene flow via isolation by distance 
1-2-3-4 NO Restricted gene flow via isolation by distance 
1-2-3-4 NO Restricted gene flow via isolation by distance 
1-2-11-12 NO Contiguous range expansion 
1-2-11-12 NO Contiguous range expansion 
1-2-3-4 NO Restricted gene flow via isolation by distance 
1-2-3-5-6-13-14 NO Between contiguous range expansion and long-
distance colonization 
1-2-3-4 NO Restricted gene flow via isolation by distance 
The chain used the key in Templeton et al. (1995) on the results given in Figure 2. Only those clades that 
resulted in a rejection of the null hypothesis are included in this table 
Discussion 
Statistical analyses 
The hypothesis of equality of mitochondrial diversity among Wallace's 
zoogeographical regions was not rejected. However, I found significant differences 
in genetic diversity and number of haplotypes between Old World and New World 
house fly populations. This is consistent with the idea that house flies were 
introduced to the New World (Skidmore 1985) and recent genetic data are 
consistent with this view (Marquez and Krafsur 2002). 
My survey of genetic diversity at CO/ in 29 worldwide house fly populations 
yielded 52 haplotypes. Seven haplotypes (13%) were shared among two or more 
regions. One haplotype (2%) was ubiquitous and accounted for greater than 38% of 
all observations. Forty-five haplotypes (87%) were confined to a single region and 
accounted for 22% of all observations. Haplotypes were most diverse in the 
Palearctic and Inda-Malayan regions and least diverse in the Neotropical and 
Nearctic with the Afrotropical between the two extremes. Hierarchical partitioning of 
the total diversity among regions ( GRT = 0.49) indicated only a small proportion was 
shared. The differentiation of populations within regions GsR was 0.30. All pairwise 
estimates of gene flow (Nm) between zoogeographical regions were less than 0. 70 
28 
reproducing females per generation and the mean was 0.49. I conclude that house 
fly populations are highly structured even though the flies are mobile and easily 
capable of passive transport by ship and air. 
My estimates of genetic diversity and differentiation were nearly identical to 
those of Marquez and Krafsur (2002) who analyzed single-strand conformational 
polymorphisms (SSCP) at multiple mitochondrial loci. Their SSCP analyses afford 
less resolution of nucleotide variation than provided by sequencing. Based on 
Wright's (1943) island model and the relationship Nm:::: (1 - Gsr)/(2Gsr) proposed 
by Takahata and Palumbi (1985), the average number of effectively reproducing 
female migrants per generation among regions is about one every four generations. 
This rate of maternal gene flow is small, relative to the well-known mobility of house 
flies (West 1951 ). The threshold for further differentiation to occur via genetic drift is 
about one migrant per generation (Wright 1978). 
The hypothesis that genetic distances among regions are equal was not 
rejected because the pairwise differentiation among regions and among populations 
within regions was substantial and similar. 
The Ewens-Watterson test of neutrality is based on the Ewens sampling 
theory (Watterson 1978) which shows that the sample size and the number of 
distinct alleles observed in the sample are sufficient to give an expected 
configuration of allele counts. From the observed and expected configurations, a 
number of test statistics can be devised to determine whether the observed sample 
fits the expected values of the model. To test whether the observed configuration fits 
the expectation, computer simulations were run to generate samples from 
populations that obey the infinite-alleles model, having the same number of alleles 
and sample size as the observed data. F values were then calculated for all 
simulations and plotted in a distribution. If the F value of the observed data falls 
outside the 95% confidence interval for the F distribution then the observed data are 
inconsistent with the infinite-alleles model of neutrality. The house fly data fell within 
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the 95% limit and consequently are consistent with the infinite-alleles model. 
However, the Ewens-Watterson test is not very sensitive, meaning that it is rare to 
detect selection using it. 
The hypothesis of selective neutrality and equilibrium between mutation and 
drift was not rejected. At equilibrium, there is a balance between mutation and 
genetic drift, so that, on average, each new allele gained by mutation is balanced 
against an existing allele that is lost. The neutrality theory is predicated on the 
assumption that most mutations have so little effect on the organism that their 
influence on survival and reproduction is undetectable. The frequencies of neutral 
alleles are not, therefore, determined by natural selection. This makes neutral alleles 
ideal for mapping the geographical structure of populations and for tracing the 
ancestral lineages of DNA sequences to make inferences about the phylogenetic 
relationships between species. In the absence of natural selection, highly structured 
populations may be explained by genetic isolation coupled with the effects of genetic 
drift and founder effects. The structuring of house fly populations may be due to 
reproductive isolation among groups due to differing mating behaviors. 
In newly established populations founder effects can cause dramatic changes 
in gene frequencies. When selective neutrality applies, the determining variable is 
the size of the founding population. These effects are similar to those of genetic 
bottlenecks where a large, randomly mating, population becomes drastically reduced 
in size. 
House fly populations in temperate regions undergo annual population 
bottlenecks (Krafsur 1985, Black and Krafsur 1986b ). Recursive bottlenecks cause 
random fluctuations in haplotype frequencies and may produce, over time, a discrete 
spatial distribution of haplotypes, because the compensating effects of dispersal 
against drift may be localized, given the relatively short time between winter 
bottlenecks. Thus, distantly located demes may remain relatively isolated for 
extended periods of time (Marquez and Krafsur 2003). 
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Three of the four haplotypes in the Nearctic region were shared among 
regions. One of these was ubiquitous among regions, one was found predominately 
in the Nearctic, and the last was rare Nearctic haplotype (n=2) which was detected 
frequently (15 of 24) in southern Africa. The low diversity observed in the Nearctic 
region when compared with Old World regions is likely the result of isolation by 
distance combined with the effects of annual population bottlenecks. 
Four of the six haplotypes in the Neotropical region were shared with other 
regions. One such haplotype was ubiquitous among regions, one was found 
predominately in the Nearctic, another was found predominately in Southern Africa, 
and one occurred frequently in China. These data support the hypothesis raised by 
Marquez and Krafsur (2002) of multiple colonizations of the Neotropical region. 
Minimum-spanning tree 
The most abundant haplotype (A) is located in the interior portion of the tree 
and is present in most populations and in all regions. Thus, it is the most probable 
ancestral haplotype (Castelloe and Templeton 1994). The regional MS trees give 
visual support for the estimates of regional differentiation. The shape of the full MS 
tree supports the notion of the southern Palearctic region as the origin of the house 
fly (Skidmore 1985, Pont 1991 ). 
Interestingly, the three main subsections of the Afrotropical region have 
distinct haplotype compositions. The most abundant haplotype in each of these sub-
regions is different and these three haplotypes are located on distant branches of 
the MS-tree, as is shown in Figure 2. This is a clear example of the genetic 
structuring of house fly populations associated with geography within a 
zoogeographical region. 
The star shaped group of haplotypes at a branch tip in the Inda-Malayan 
region is of interest. This group consists of six haplotypes, which are at least three 
mutational steps from the nearest haplotype and at most seven steps removed from 
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the most frequent haplotype. Differences of this magnitude occur in other parts of 
the minimum spanning tree. The distinction being that this group is separated by 
three missing intermediaries while the comparable parts of the tree are contiguous 
and that all the haplotypes in the group were from a single region. All but one of the 
haplotypes in this group were found in Southeast Asia with the exception found in 
South Korea. Further investigation revealed a non-synonymous mutation that 
separated these haplotypes from the rest of the MS tree. 
Nested clade analysis 
The results shown in Table 9 indicate that both population structure and 
population history have played an important role in determining the geographical 
associations of mtDNA haplotypes for house flies. But how reliable are these 
conclusions? 
The null hypothesis is that there is no association between the position of a 
haplotype in a cladogram with geographical position. There are three reasons why 
this null hypothesis would fail to be rejected: the populations under study have 
sufficient gene flow to be virtually panmictic and have not experienced expansion or 
fragmentation, the samples are inadequate (either in terms of sample sizes per 
location or of the number of geographical positions of the locations sampled), or 
there is insufficient genetic variation in the sampled populations. As the null 
hypothesis was rejected repeatedly, the first explanation is not applicable. 
Despite instances of lack of power, overall the data analysis revealed strong 
geographical associations, so the null hypothesis can clearly be rejected in house 
flies. Given a rejection of the null hypothesis, the inference structure now attempts to 
identify likely causes for the geographical associations via the predictions outlined by 
Templeton et al. (1995). 
One such cause is restricted gene flow. The predictions outlined earlier are 
not tied to a specific model of gene flow, but rather are based on two qualitative 
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attributes of gene flow: gene flow is a recurrent evolutionary force, and older clades 
tend to be more geographically widespread than younger ones. The later attribute is 
well supported by both computer simulations and population genetic theory (Hudson 
et al. 1992; Slatkin and Maddison 1990; Slatkin 1991, 1993; Nei and Takahata 1993; 
Neigel et al. 1991; Neigel and Avise 1993; Takahata and Slatikin 1990; Takahata 
1991 ). 
Restricted gene flow via isolation by distance was inferred for many clades. 
This is in agreement with gene flow estimates between zoogeographical regions 
from previous studies on the house fly (Marquez and Krafsur 2002, 2003; Krafsur et 
al. 2000). 
Another cause of geographical association is range expansion. Templeton's 
predictions are based upon the arguments found in Cann et al. (1987) that range 
expansion causes some older (interior) haplotypes to be left in the ancestral area 
while younger (tip) haplotypes that originated in the expanding population can be 
geographically widespread and/or distant from their ancestral haplotypes. This 
pattern does not yet have the backing of computer simulation models, extensive 
theory, or initial empirical surveys; however range expansions are amenable to 
extensive empirical verification. Templeton (1998) used natural examples of range 
expansion as a vehicle for validating the expectations of Cann et al. (1987) and 
Templeton's inference key. Twelve data sets with a prior knowledge of range 
expansion led to a statistically significant inference of range expansion(s) and one 
did not; of the six data sets without prior knowledge of range expansion, one led to a 
significant inference of range expansion and five did not. A two-tailed Fisher's exact 
test determined that the difference in the frequency of range expansion inference 
was significant (P = 0.003). 
The two forms of range expansions distinguished by NCA are contiguous 
range expansion and long distance colonization. NCA is only able to discriminate 
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between the two when geographical sampling is adequate. When sampling is 
inadequate it is simply referred to as 'range expansion'. 
The house fly data seem to confirm range expansion from the Palearctic 
region into Southeast Asia and Western sub-Saharan Africa. The long distance 
colonization is associated with haplotypes found exclusively in the Inda-Malayan 
region. 
Evolutionary history and population structure 
The null hypothesis of genetic homogeneity among regions was rejected 
allowing me to consider alternate hypotheses. The first hypothesis is that all 
differences in regional haplotype frequencies are due to restricted gene flow via 
isolation by distance. If this were the case one might expect to find equal levels of 
diversity among zoogeographical regions. This hypothesis was subsequently 
rejected. 
Using Nei's statistics in conjunction with the NCA and the MS-tree, I have 
formed a complex hypothesis of evolutionary history and population structure for M. 
domestic, a which I will discuss in terms of Wallace's zoogeographical regions. I 
construe that the southern Palearctic region is the origin of the species based on 
molecular diversity and location of haplotypes in the MS-tree. The other Old World 
regions have an abundance of tip haplotypes and lack of interior haplotypes that one 
would expect to find in a founding population. I propose that southern Palearctic 
house flies then spread to Afrotropical and Inda-Malayan regions. Range expansions 
were inferred by NCA for clades found exclusively in South-East Asia and western-
sub-Saharan Africa. These clades may be artifacts of earlier, larger range 
expansions that may have been present before the advent of global commerce. 
New World regions exhibited lower levels of diversity than the Old World and 
may be presumed to have been colonized more recently than Africa and the 
Western Pacific. Nearctic flies showed the least regional diversity. In NCA the 
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criterion for range expansion will not be satisfied if the range expansion took place 
via colonization associated with a founder effect such that no tip haplotypes were 
included in the original colonizing population (or at least failed to survive to the 
present time in the descendants of the colonists), or if the colonization was 
sufficiently recent such that no new mutations have arisen in the new population. 
Such was the case in the colonization of the Iberian Peninsula by Drosophila 
buzzatii from Argentina (Rossi et al. 1996) and appears to be the case for Nearctic 
house flies because the most abundant haplotype was located at an interior node in 
the MS-tree. 
Neotropical house flies also have a comparatively low diversity of CO/ 
haplotypes which suggest recent colonization. Four of the six haplotypes found in 
the Neotropics are shared with other regions and all are relatively frequent, 
suggesting multiple introductions of the house fly to the Neotropics from sub-
Saharan Africa, East China, and the Nearctic. 
Utility of nested clade analysis in inferring phylogeography 
The nested clade analysis is a statistical approach that attempts to provide 
insight into both the evolutionary history and population structure of a species by 
using geographic information in conjunction with a rooted haplotype tree to predict 
the processes responsible for the observed pattern of genetic variation. The NCA 
discerns historical (fragmentation, range expansion) and current (gene flow, drift, 
system of mating) processes. The nested clade analyses of haplotype trees with 
geographical data provides greater statistical power and precision than traditional F-
statistic analysis for detecting genetic and geographical associations in 
metapopulations because NCA incorporates evolutionary history data into the 
analysis of frequency and distribution (Templeton 1998). 
Although NCA boasts of greater statistical power and precision than 
traditional F-statistics, NCA is not without problems. NCA was not prone to false 
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positives for range expansion across 19 data sets (Templeton 1998), but did 
produce a high number of false inferences in a small simulation study (Knowles and 
Maddison 2002). Two critical problems were identified in the simulation study of 
Knowles and Maddison (2002). First, nested clades that had significant 
phylogeographic signal by permutation tests did not correspond to the actual 
geographical configuration or historical association of populations. Second, NCA 
detected significant structure at lower-level clades when no structure existed in the 
model used to simulate the data. Knowles and Maddison (2002) stated that using 
higher nesting levels for drawing inferences is least subject to error because they 
have more data and may be less dependent upon the nesting process 
Other shortcomings of NCA include: it does not provide a framework for 
evaluating the statistical support for any specific event, nor statistical means for 
distinguishing between alternative processes (Knowles and Maddison 2002). In 
addition, the key step of NCA-the inference key- must be executed by hand, 
which makes testing the method extremely labor intensive. In my opinion NCA 
seems to be a good method to look at biogeographic data as long as the results are 
supported by other methods. 
Conclusions 
House fly genetic diversity is highly structured geographically. Differentiation 
among, and particularly within, zoogeographical regions is substantial and similar in 
degree. Gene flow among and within regions seems greatly restricted, considering 
published accounts of house fly vagility (Bishopp 1916, Quarterman et al. 1954 ). 
Nested clade analysis supports this conclusion via the inference of 'restricted gene 
flow via isolation by distance' for 55% of the associations between geography and 
genetic composition. 
A greater level genetic diversity at the CO/ locus is found in the Old World 
house flies than in the New World. This supports the idea of an Old World origin of 
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species with recent introductions to the New World. Under neutral conditions and 
assuming relatively small founder populations, older populations should be more 
diverse because they have had more time to accumulate mutations. The shape and 
composition of the minimum-spanning tree of house fly haplotypes supports the idea 
of an Old World origin of species, likely from the Palearctic region. Nested clade 
analysis supports the notion of a Palearctic origin. Most haplotypes in the central 
portions of the tree are found in the Palearctic. Also, nested clade analysis infers 
'contiguous range expansions' into two of the outer branches of the haplotype tree, 
each branch consists mostly of haplotypes from either the Inda-Malayan or 
Afrotropical region. 
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APPENDIX 
Table A1. Variable sites in the COi region of M. domestica. Identical=. Missing=N. 
Hap. Sequence 
A AGTAAATTTT GCTAATGTCC GATTTTTATA ACATATACCC T 
B T 
c G. c. T T 
D G. T A. T 
E .T T 
F G. T c. T. T 
G A. T T 
H .T. .GT 
I c. G T .GT 
J .G. A. T T 
K T A. .T. .T 
L c. T. T 
M G. .T. .T. 
N c. GC. T A. c. 
0 A. 
p c. 
Q T T. 
R G. G. TT A. .T .T. 
s c. GC. T. A. G. c. 
T c . . GC. . T A. c . c. 
u .A. 
v .G. c. T T. 
w c. GC. .T A. 
x .T .T .T 
y G. . T A. c . T 
z . A. T A. c . .G. T 
a c. GC. A. c. c 
b G. . T A . c. .G. T 
c c . . GC. .T. A. c. c. 
d .A. G. c. T T 
e .T 
f .A. .T. GT 
g . T. c . T 
h c. .T. .T 
i c. .T GT. 
j .G. .T. c . . GT 
k .N. A. .T 
1 c. 
m T A. c. .N. 
n c. .T 
0 c. c. .T 
p G. T A. c. T 
q G. G. . T A. c . T .T 
r G. G. . T A . .T. 
s .A. 
t T A. c. G. G . . T. 
u c. .T. .T. 
v c T T 
w .A. T T GT 
x G. T A. .T. .T. 
y G. T AG. c. T 
z G. .G. T A. c. G. T. 
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Figure A2.. Minimum spanning network of haplotypes. Worldwide minimum spanning tree for 52 M. 
domestica mtDNA haplotypes. 
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Figure A3. Minimum spanning network of haplotypes. Worldwide minimum spanning tree for 52 M. 
domestica mtDNA haplotypes (B). Palearctic, lndo-Malayan, Afrotropical, Neotropical, and Nearctic 
haplotypes are indicated in green, red, yellow, blue, and purple, respectively. Lines represent one 
mutational step and black dots are hypothetical missing intermediates. Circle size is proportional to 
haplotype frequency as shown in the Legend . Haplotype (A) is the most frequent and ubiquitous 
among regions. 
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Table A4. Haplotypes by region and population. Zoogeographical regions and individual haplotypes 
are color coded . Private and singular haplotypes are peach , haplotypes shared among populations 
with in a single region are turquoise, and haplotypes shared among regions are not colored. 
World 
Region • • 
Wallace's Afrotropical Nearctic 
Region - · 
~ ~ 
u; 
cu cu 0 
Population 
>-
~ cu u c: Q) .0 ~ ~ cri E N ~ ___ I 111111111111 
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